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Introduction
The stringent regulations introduced around the world to limit the pollutant emissions of internal combustion engines (ICE) present a major challenge for the engine research community. In spite of its efficiency, conventional mixing-controlled diesel combustion in CI diesel engines requires complex and costly exhaust aftertreatment systems to reach the NOx and soot limitation values proposed in the current regulations, such as EURO VI. Specifically, the rich local equivalences ratios and the high temperatures achieved during the conventional diesel combustion (CDC) as well as the oxygen availability in the outside of the spray plume results in an unacceptable emissions [1] .
Additionally to the complexity of the aftertreatment systems, the use of DPF (to reduce soot emissions) and LNT or SCR (to minimize NOx emissions) requires a periodically regeneration (operating rich) or the introduction of a reducing agent, which penalizes the fuel consumption. Thus, in order to reduce aftertreatment costs and fuel consumption it is necessary to avoid the generation of these pollutants in the focus of the emission, i.e. during the combustion development.
Many new compression ignition combustion strategies have been proposed to simultaneously improve the engine efficiency while reducing the NOx and soot emission levels under the regulation limits [2] . The more promising combustion strategies are the well-known low temperature combustion (LTC) strategies. A widely investigated combustion strategy is homogeneous charge compression ignition (HCCI), which produces virtually no soot or NOx emissions while maintaining high efficiency [3] . However, this combustion process presents some challenges with regard to combustion control and engine stress. Thus, due to the rapid heat release, steep pressure gradients occur so that the process has been limited to use within the partial load range [4] . On this regard, Bessonette et al. [5] suggested that different in-cylinder reactivity is required for the proper HCCI operation under different operating conditions. Specifically, high cetane fuels are required at low load and a low cetane fuel are needed at medium-high load.
With the aim of improving the HCCI shortcomings in terms of controllability and knocking, the use of fuels with lower reactivity than diesel fuel (gasoline-like fuels) under Partially Premixed Combustion (PPC) strategies has been widely investigated [6] [7] . The investigations confirmed gasoline PPC as a promising method to control the heat release rate providing a reduction in NOx and soot emissions [8] . Thus, by injecting the fuel later in the engine cycle than in HCCI strategy, the air-fuel mixing degree is reduced and therefore higher control on the ignition delay as well as the combustion duration is achieved. Additionally, the use of gasoline fuel provides more flexibility to achieve the required extra mixing time at medium-high loads [9] .
However, the concept has demonstrated difficulties at low load conditions [10] [11] using gasoline with octane number (ON) greater than 90. With the aim of improving the PPC cycle-to-cycle control at low loads using high ON gasolines, PPC spark assisted concept has been studied [12] [13] . It has been demonstrated that the spark assistance provides temporal and spatial control over the combustion process [14] , however the high local reactivity required between the spark plug electrodes at the start of spark timing and the flame propagation process result in an unacceptable NOx and soot emissions [15] . In this sense, the double injection strategy applied to the PPC spark assisted concept has been confirmed as a suitable strategy to improve the unburned HC and CO emissions, but still do not solve the unacceptable NOx and soot emission levels [16] [17] .
Experimental and numerical studies demonstrated that Reactivity Controlled
Compression Ignition (RCCI) combustion is a more promising LTC technique than HCCI and PPC [18] . RCCI concept is a partially premixed combustion strategy based on dualfuel operation. To delivery both fuels separate injection systems for the low reactivity and high reactivity fuel are used, being port fuel injected (PFI) and direct injected (DI) respectively. Thus, a flexible operation over a wide operating range is possible by modifying both, the low reactivity fuel percentage in the blend and the direct injection timing [19] . The variation of these engine settings provides the required in-cylinder equivalence ratio and reactivity (i.e. octane number) stratification [20] [21] . Several studies confirm that in order to achieve high efficiency while reducing NOx and soot emissions, the higher portion of the energy should come from the low reactivity fuel [22] [23] . Taking into account this statement, it is clear that the low reactivity fuel characteristics and its amount in the blend have a significant contribution to the incylinder reactivity, and therefore, to the combustion development and its emissions. In this sense, recent works investigated the use of E85 fuel as alternative of gasoline on RCCI concept [24] [25] [26] [27] . In terms of emissions, the use of E85 resulted in increased HC and CO levels with decreased NOx. On the other hand, the operating range was found limited by an excessive pressure rise rates at a certain E85 percentages and by misfire conditions when high portions of E85 were used. Thus, the main objective of the present work is to evaluate the potential of various low reactivity fuels with different ethanol content and gasoline octane number on RCCI performance and engine-out emissions at low, medium and high engine loads. For this purpose, the direct injection timing and blending ratio has been sweep using four different low reactivity fuels and keeping constant the same high reactivity fuel. Moreover, to understand the differences in the combustion behavior among the different fuel blends, a detailed analysis of the air/fuel mixing process has been developed by means of a 1-D spray model. Finally, to suggest the proper low reactivity fuel for the RCCI conditions proposed in this research, a direct comparison of the results obtained with each fuel blend is done taking into account certain constraints.
Experimental Facilities and Processing Tools

Experimental setup
Test cell, engine description and instrumentation
A single cylinder, HD diesel engine representative of commercial truck engine, has been used for all experiments in this study. Detailed specifications of the engine are given in Table 1 . The engine was installed in a fully instrumented test cell, with all the auxiliary facilities required for its operation and control, as it is illustrated in Figure 1 . Moreover, to achieve stable intake air conditions, a screw compressor supplied the required boost pressure before passing through an air dryer. The air pressure was adjusted within the intake settling chamber, while the intake temperature was controlled in the intake manifold after mixing with the EGR flow. The exhaust backpressure produced by the turbine in the real engine was replicated by means of a valve placed in the exhaust system, controlling the pressure in the exhaust settling chamber. Low pressure EGR was produced taking exhaust gases from the exhaust settling chamber. The determination of the EGR rate was carried out using the experimental measurement of intake and exhaust CO2 concentration. The concentrations of NOx, CO, unburned HC, intake and exhaust CO2, and O2 were analyzed with a five gas Horiba MEXA-7100 DEGR analyzer bench by averaging 40 seconds after attaining steady state operation. CO and unburned HC measurements were used to determine the combustion efficiency as: pulses per revolution, which provides a resolution of 0.2 CAD, was used.
Fuels and fuels delivery
The experimental tests were carried out using commercially available diesel and four different low reactivity fuels. The LRFs were selected in order to assess the influence of the ethanol content with the same gasoline (E10-95 and E20-95), the influence of the gasoline ON with a fixed ethanol content (E10-95 and E10-98) and finally, the influence of a fuel mainly composed of ethanol (E85) on RCCI capabilities. Thus, their main properties related with auto-ignition are listed in Table 2 . All the properties were obtained following ASTM standards. To enable RCCI operation the engine was equipped with a double injection system, as it is shown in the scheme of Figure 2 . This injection hardware enables to vary the incylinder fuel blending ratio and fuel mixture properties according to the engine operating conditions. To inject the diesel fuel, the engine was equipped with a common-rail flexible injection hardware which is able to perform up to five injections per cycle; the main characteristic of this hardware is its capability to amplify common-rail fuel pressure for one of the injections by means of a hydraulic piston directly installed inside the injector. The main characteristics of the injector and nozzle used are depicted in Table   3 . Concerning the low reactivity fuel injection, an additional fuel circuit was in-house developed with a reservoir, fuel filter, fuel meter, electrically driven pump, heat exchanger and a commercially available port fuel injector (PFI). The mentioned injector was located at the intake manifold and was specified to be able to place all the low reactivity fuel into the cylinder during the intake stroke. Consequently, the injection timing was fixed 10 CAD after the IVO to allow the fuel to flow along 160 mm length (distance from PFI location to intake valves seats). Accordingly, this set up would avoid fuel pooling over the intake valve and the undesirable variability introduced by this phenomenon. The main characteristics of the port fuel injector are depicted in Table 4 . The combustion analysis was performed with an in-house one-zone model named CALMEC, which is fully described in [28] . This combustion diagnosis tool uses the incylinder pressure signal and some mean variables (engine speed, coolant, oil, inlet and exhaust temperatures, air, EGR and fuel mass flow…) as its main inputs.
The pressure traces from 150 consecutive engine cycles were recorded in order to compensate the cycle-to-cycle variation during engine operation. Thus, the individual pressure data of each engine cycle was smoothed using a Fourier series low-pass filter.
Once filtered, the collected cycles were ensemble averaged to yield a representative cylinder pressure trace, which was used to perform the analysis. Then, the first law of thermodynamics was applied between IVC and EVO, considering the combustion chamber as an open system because of the blow-by and fuel injection. The ideal gas equation of state was used to calculate the mean gas temperature in the chamber. In addition, the in-cylinder pressure signal allowed obtaining the gas thermodynamic conditions in the chamber to feed the convective and radiative heat transfer models [29] , as well as the filling and emptying model that provided the fluid-dynamic conditions in the ports, and thus the heat transfer flows in these elements. The convective and radiative models are linked to a lumped conductance model to calculate the wall temperatures.
The main result of the model used in this work was the Rate of Heat Release (RoHR).
Moreover, several parameters were calculated from the RoHR profile. In particular,
Start of combustion (SoC) was defined as the crank angle position in which the cumulated heat release reached a value of 2% and combustion phasing was defined as the crank angle position of 50% fuel mass fraction burned (CA50). Additionally, ringing intensity was calculated by means of the correlation of Eng [30] :
Where  is the ratio of specific heats, (dP/dt)max is the peak PRR, Pmax is the maximum of in-cylinder pressure, R is the ideal gas constant, and Tmax is the maximum of incylinder temperature.
Analysis of mixing process
The data derived from the SCE were used as input for an in-house 1-D spray model, Finally, by processing the raw results, the high reactivity fuel mass distribution mixed to different equivalence ratios at experimental SoC was obtained. 
Test methodology
Previous works defined the in-cylinder fuel blending ratio (ICFB) as the low reactivity fuel mass versus the total fuel mass. However, since there is such a significant difference in LHV between E85 and the three remaining low reactivity fuels (Table 2) , the premixed energy ratio (PER) is presented here. Thus, PER is defined as the energy ratio of the low reactivity fuel versus the total delivered energy:
Where the subscripts LRF and HRF denote the low reactivity fuel and the high reactivity one, respectively.
In the present study, different PERs were tested depending on engine load. Moreover, for each specific PER, the total energy delivered to the cylinder was kept constant among the tests with the different fuel blends. In order to do this, the LRF mass was adjusted as required to compensate the differences in LHV, while the diesel injected mass was kept constant among the different blends. Figure 4 , Figure 5 and Figure 6 show the different fuel mass, total energy delivered to the cylinder and global equivalence ratio for the different fuel blends at low, medium and high load. As noted from the figures, to reach the same total energy, a significantly higher E85 mass amount is required compared to the remaining low reactivity fuels, overall when high PERs are proposed. 
Combustion development results
This section describes the effect of diesel injection timing, PER and fuel properties on combustion development at low, medium and high load. All the tests were carried out at fixed engine speed 1200 rpm, EGR 45% and intake temperature 40 °C. Table 5 depicts additional engine settings for the different engine loads. In order to ensure moderated pressure rise rates to preserve the engine mechanical integrity at medium and high load, the effective compression ratio was lowered by means of advancing the intake valves closing event (early Miller cycle). For the same reason, a single injection strategy for the HRF was set at high load conditions. Table 6 depicts the diesel settings (SOI timing and fuel mass) as well as the fuel mass for the different LRFs and PERs at low load conditions. The shaded SOImain values not enabled a stable combustion with any fuel blend. In particular, the excessive advance of the diesel SOImain resulted in a too lean diesel distribution at SOC, which not allowed the combustion progression. This effect was more noticeable as PER was increased, where the limitation appeared even at more delayed SOImain.
Low load conditions
The HRF injection settings were selected focused on reaching EURO VI NOx and soot levels (discussed in section 5). In this sense, previous work developed at similar conditions [34] showed that the advanced diesel SOIpilot at -60 CAD ATDC allows to minimize NOx emissions while maintaining high efficiency and combustion stability. In addition, since the greater portion of the HRF (60% of the total diesel mass) had enough mixing time prior to SOC, soot formation was also reduced. On the other hand, the more delayed diesel SOImain was set at -20 CAD ATDC to maintain CA50 near desired values.
The PERs tested in the case of B7+E85 were notably lower due to combustion stability issues. Specifically, tests with PER=54% resulted in a combustion development with a COVIMEP>4.5% and CO and HC emission levels greater than 32 and 14 g/kWh, respectively. Thus, considering COVIMEP=5% as an upper limit to attain a stable combustion, the highest PER proposed in the case of B7+E85 was 44% and the lower one 24%. Figure 7 shows the Influence of PER at low load in the case of advanced diesel SOI conditions (-60/-30 CAD). For the sake of clarity, only the RoHR traces corresponding to B7+E20-95 and B7+E85 are depicted. In this sense, the slight differences in properties among E20-95, E10-95 and E20-98, allows to perform the explanation based on B7+E20-95 (which has intermediate properties) and extrapolate it to the other two fuels. On the other hand, the specific RoHR traces of B7+E85 are also included due to its particular conditions. Focusing on the effects of PER and fuel properties on RoHR shape, Figure 7 shows a one stage Gaussian-shaped heat release whatever the PER and fuel blend. This behavior is explained due to the highly advanced injection strategy of the HRF, which provides a well-mixed charge and then, a relatively fast heat release is attained when the proper thermodynamic conditions are reached. In the case of B7+E85 an appreciable change in the RoHR slope during the combustion development is observed. It is well related with the lower PER used as well as the higher differences in reactivity among the high and low reactivity fuels.
As literature demonstrates, in RCCI operation, the combustion starts with the autoignition of the HRF followed by the entrained LRF. The consequent increase in temperature and pressure initiates a flame propagation, which proceed gradually from the high to the low reactivity regions of the combustion chamber [22] [34] . In this work, the role of the blend reactivity on combustion progression can be examined comparing two different PERs for the same fuel blend. Thus, focusing on B7+E85 with PER=24%, a strong RoHR peak (due to the high amount of premixed diesel fuel mass) followed by a late soft burn (corresponding to the majority of E85 consumption) is appreciated. By contrast, PER=44% leads to a less pronounced RoHR slope at SOC. The different combustion pattern in this case is well related with the lower diesel amount injected combined with the higher mixing time, which results in a leaner local distribution at SOC (Figure 8 ). After the first instants, a soft RoHR is observed and finally another change in the RoHR slope is appreciated just after TDC, suggesting that the increase in temperature at the end of the compression stroke enhances the E85 consumption.
As a general conclusion, the increase in PER provides a reduction in the heat release peak as well as a delayed and larger combustion development. This behavior is explained due to the reduced in-cylinder global reactivity (i.e., higher RON of the mixture) as the LRF fraction in the mixture is increased. From Figure 7 is confirmed that this statement is also valid in the case of B7+E20-95. As explained in the introduction section, RCCI concept allows a flexible operation by modifying both, the low reactivity fuel percentage in the blend and/or the direct injection timing. Thus, an effective control of the combustion onset can be carried out.
In this sense, Figure 7 presents an almost equal SOC of the HTHR stage when using B7+E20-95 with PER 64% and B7+E85 with PER 44%. Thus, the in-cylinder reactivity decrease due to the change in the LRF properties has been compensated by tuning the low to high reactivity fuel ratio in the blend. In spite of having similar SOC, the RoHR evolution denotes a very different combustion progression. This behavior is explained comparing the mixture distributions at SOC for this two cases ( Figure 9 ). As Figure 9 shows, there is enough mixture in reactive conditions (0.9<φ<1.1) to initiate the combustion for both fuel blends. Only a slightly higher percentage of mixture (1.86%
greater) for B7+E85 in this range of equivalences ratios is observed. This difference is related with the lower mixing time for the diesel injection (longer injection rate and equal SOC) compared with the case of B7+E20-95. However, the lower mixture mixed to richer equivalence ratios (φ>1.1) results in a softer and larger combustion propagation. Figure 9 . Mixing process differences among fuel blends with same experimental SOC. Equivalence ratio distribution at SOC for B7+E20-95 with PER 64% (left) and E85 with PER 44% (right) at diesel injection timing of -60/-30 CAD. Figure 10 shows the most delayed injection timing achievable for all the fuel blends (-60/-20 CAD ATDC). In this case, a two staged heat release is observed for both fuel blends represented, whatever the PER used. This RoHR shape is attributed to the enhancement of the first premixed phase, which is mainly related with the diesel fuel burned with a minimum amount of entrained low reactivity fuel. On the other hand, the increase in the PER provides the same effect that in the case of the advanced diesel SOImain (-30 CAD ATDC). Thus, a soft RoHR with large combustion duration is attained for both fuel blends as PER is increased. To clarify the diesel SOI effect on RCCI combustion development, Figure 11 shows the RoHR traces of B7+E85 at two different SOIs, together with their mixture distribution at the experimental SOC. It is clear that the RoHR shape moves from a one stage
Gaussian-shaped to a two staged heat release as the diesel SOImain is moved from -30
to -20 CAD ATDC. This transition is associated with the lower extra mixing time (SOC-EOI) available as the diesel SOImain is delayed, which provides a richer equivalence ratio distribution at SOC and enhances the premixed phase (higher maximum RoHR peak).
By contrast, since a greater portion of the fuel has been already burned, the second RoHR peak becomes lower. It is interesting to note that the combustion duration (CA90-CA10) is almost constant as SOImain is modified. Finally, in order to assess the specific differences among B7+E20-95, B7+E10-98 and B7+E10-95 in terms of combustion development, Figure 12 represents various combustion tracers for the tests depicted in Table 6 . From the Figure, it is stated that an almost equal combustion development is attained for B7+E20-95 and B7+E10-98 whatever the PER and diesel SOImain. In particular, almost equal combustion metrics with a minor differences in IMEP values are observed. These differences are mainly related to the very slight changes in CA50, CA90-CA10 and maximum RoHR peak. By contrast, B7+E10-95 allows shorter and advanced combustion development with higher maximum RoHR, leading to higher IMEP values. In this case, the ringing intensity is also increased but all the values are below 5 MW/m 2 , which was established by Dec and Yang [35] as a proper upper limit to achieve an acceptable combustion noise and knock-free operation. Table 7 depicts the operating parameters at medium load. The diesel SOIpilot was also set at -60 CAD ATDC. It is interesting to remark that the PERs used in the case of B7+E85 were notably lower. As done at low load conditions, the highest PER operable was selected according to combustion stability criteria (COVIMEP< 4.5%). The worst test with PER=49% resulted in a COVIMEP=3.5% and CO and HC emission levels greater than 32 and 8 g/kWh, respectively. Thus, 49% was selected as the highest PER and the lower one proposed was 19%, as depicted in Table 7 . As seen from Figure 13 , a two staged RoHR is obtained whatever the fuel and PER used. As a general trend a growth in the RoHR is observed after the first rapid ramp associated to the premixed combustion of diesel and the entrained LRF. On the other hand, B7+E85 exhibits the same behavior found at low load, with a first premixed RoHR peak followed by a softer combustion development. In addition, the increase in PER provides the same effect found in the previous section for both fuel blends.
Medium load conditions
In contrast to low load conditions, the LRF type has a considerable effect on RoHR combustion development for the same PER conditions. Thus, it should be noted the strong improvement in the second combustion stage that B7+E10-95 provides compared to B7+E20-95 fuel blend for the highest PER tested (79%). The higher reactivity of E10-95 results in more than double RoHR peak during the second combustion stage, when the majority of E10-95 is consumed, leading to combustion phasing 7.4 CAD advanced. It is interesting to note that the first RoHR peak for B7+E20-95 and B7+E10-95 is very similar, with slight differences associated to the lower mixing time available in the case of B7+E10-95. As seen in Figure 14 , it results in a richer equivalence ratio distribution at SOC (higher fuel mass mixed between 1.1<φ<2.3). From Figure 15 is stated that a diesel SOImain set at -9 CAD results also in a two staged combustion development, but during the expansion stroke for all PERs and fuel blends.
B7+E20-95 shows a first premixed phase followed by a second RoHR peak with similar J/CAD released than the first stage. Equal behavior is observed for both PERs. It should be noted that no difference in SOC is observed when PER is modified. In the particular case of B7+E85, a rapid ramp into HTHR is appreciated once the combustion started, followed by a diesel-like late combustion phase. Moreover, SOC is delayed 5.6 CAD when PER is increased from 19% to 29% with an almost equal maximum RoHR peak.
Also of note is that equal SOC is obtained using E20-95 with PER 59% or PER 69% and E85 with PER 19%, with a higher RoHR peak in the last case due to the higher diesel amount and the shorter mixing time. Table 8 depicts the different operating parameters proposed for the tests at high load.
High load conditions
In this case, PER values were the same for all the fuel blends, including B7+E85. It is interesting to remark the extremely narrow operating range found when using B7+E85.
In particular, only two tests were possible to carry out, the ones corresponding to diesel SOI set at -6 and -3 CAD ATDC with the lowest PER (49%). Diesel injection timings more delayed than -3 CAD ATDC resulted in misfire and diesel injection timings more advanced than -6 CAD ATDC resulting in excessive knocking level. Moreover, PERs lower than 49% resulted in excessive knocking level due to the greater diesel mass burned during the premixed stage and PERs higher than 49% were not possible to test due to valve pooling. In this sense, the low LHV of E85 made necessary larger injection durations to provide the same energy to the cylinder. This fact combined with the advance in the intake valves closing event resulted in the cycle-to-cycle injected mass variation, endangering the mechanical integrity of the engine when great amount of ethanol was accumulated and burned. Figure 18 presents the effect of PER on combustion pattern at the most advanced diesel SOI timing reached with all the fuels. As it is seen from the figure, the combustion trace of B7+E20-95 with the highest PER shows a double staged RoHR with an almost equal peaks among the two combustion phases. In this case, the reduction in PER not affect the first combustion stage, while the second one is clearly worsened.
Moreover, a slower combustion development with an intermediate RoHR peak is observed when PER is reduced, which suggest an inappropriate equivalence ratio stratification in the combustion chamber. Thus, unlike at low and medium load conditions, the increase in PER enhances the combustion development.
The direct comparison of both fuel blends (B7+E20-95 vs B7+E85) for the same PER and SOI conditions reveals a delay in SOC of around 2.5 CAD in the case of B7+E85. It should be related to the lower reactivity of E85 as well as its higher heat of vaporization than E20-95 fuel. In spite of that, a stronger rise in the RoHR slope is appreciated once the combustion has started. It is explained due to the higher mixture amount mixed in the range of (1.1<φ<2.3). On the other hand, both fuel blends exhibit a late combustion phase. The only difference is the slight growth in the RoHR with B7+E20-95, probably because of its richer mixture distribution (φ >2.3). Figure 18 . Influence of PER at high load for B7+E20-95 and B7+E85 at diesel injection timing of -6 CAD. Figure 19 shows a very late combustion development for the case of diesel SOI set at +3 CAD ATDC (delayed scenario). At this condition, no remarkable effect of PER on SOC and combustion duration is appreciated. The combustion shape is the same that the one described for B7+E85 at -6 CAD ATDC. In addition, slightly higher RoHR is appreciated for the lower PER, due to the higher diesel amount injected. For this purpose, the RoHR traces of B7+E20-95 at two diesel SOIs (-6 and +3 CAD ATDC) for the same PER (49%) are depicted. As seen in the figure, the RoHR shape changes from two to one stage. The mixture distribution analysis reveals a very similar mixture at SOC in both cases. Thus, the thermodynamic conditions (pressure and temperature) govern this change in the RoHR shape. The first RoHR peak, which is associated to the mixture amount mixed to the reactive equivalence ratios (1.1<φ<2.3), is very similar in both cases. However, even having enough mixture in rich equivalence ratio conditions (φ>2.3), the low temperature associated to the expansion stroke avoids to propagate a second phase in the case of +3 CAD ATDC. At low load, a delay in diesel SOImain as well as a reduction in PER result in a NOx emissions increase whatever the fuel blend. This trend is explained focusing on the results presented in Figure 7 . From Figure 7 it is demonstrated that, at low load, a reduction in PER enhances the combustion process leading to higher maximum RoHR peaks. On the other hand, it is also confirmed that CA50 is shifted to high temperature instants in the cycle as diesel SOImain is delayed. Both effects directly contributes to increase the NOx emissions. In the case of B7+E85, diesel SOIs delayed from -30 CAD ATDC result in a poor combustion, reducing NOx emissions. Moreover, as seen in Section 4.1, the lower PERs used to maintain a stable combustion with B7+E85
Performance and engine-out emissions results
NOx emissions
promote stronger RoHR peaks (due to the high amount of premixed diesel fuel mass) which explains the higher NOx levels registered for the same SOI. Also of note is that EURO VI limits are achieved for E20-95, E10-98 and E10-95 with the highest PER (74%), whatever the diesel SOI.
At medium load, the effect of PER is only noticeable for advanced diesel SOIs, with
higher NOx levels as PER is reduced. By contrast, injection timing effect is opposite to the one observed at low load because of the range tested. From Figure 16 it is stated that SOImain delayed from -21 CAD results in a combustion development during expansion stroke with a soft RoHR evolution, which contributes to reduce NOx emissions. It is interesting to remark the strong improvement in NOx emissions achieved using B7+E85 at this load. Almost all the tests leads to NOx values under EURO VI limitation.
Finally, at high load, the injection timing effect on NOx emissions is similar to the one observed at medium load, but the effect of PER is opposite. As shown in Figure 18 , at high load, the combustion development is clearly improved as PER is increased. This fact promotes higher combustion temperatures and therefore higher NOx emissions.
As at medium load conditions, EURO VI limits are only fulfilled for the more delayed SOIs. Finally, NOx emissions for E10-95 are higher than E20-95 and E10-98 whatever the engine load due to the improved reactivity.
Soot emissions
Soot emissions for the different premixed energy ratios and blends at low, medium and high load are shown in Figure 23 . Dashed lines across the figures denote the EURO VI soot limits for HD diesel engines (soot <0.01 g/kWh). At low load, soot levels registered are below the minimum detection limit of the AVL 415S Smoke Meter in all tests for B7+E20-95, B7+E10-98 and B7+E10-95. Thus, it is stated that an advanced enough injection strategy for the direct injected fuel provides sufficient mixing time prior to the start of combustion to inhibit soot formation.
B7+E85 fuel blend exhibits a different behavior. In this case, the higher PERs tested not allow to inhibit soot formation even using an advanced injection strategy for the high reactivity fuel. In general, as PER is decreased, soot emissions are increased due to the higher diesel amount in the blend. In addition, as SOImain is delayed soot levels are lowered, due to the improvement in soot oxidation.
At medium load, soot values greater than zero are registered and consequently the effect of PER is more noticeable. In particular, higher soot levels are obtained as the diesel fuel mass is increased (lower PER). The diesel main injection timing has not a strong effect on soot emissions. Only the most delayed SOIs for the lowest PERs presents values above the EURO VI limits. At this injection timing, the combustion development is shifted to the expansion stroke, which worsens the soot oxidation.
Regarding B7+E85, EURO VI limits are fulfilled for PER 39% and 49% whatever the SOImain. As PER is decreased unacceptable values are attained, mainly for the lowest PER (19%). As in the case of the other blends, the delay in SOImain shifts the combustion to the expansion stroke worsening soot oxidation process.
At high load, the effect of PER is very noticeable. Thus, higher soot levels are registered as PER is decreased. As demonstrated in Figure 21 , part of the diesel fuel is burned as diffusion flame (negative SOC-EOI) and therefore high soot levels are promoted. The differences in soot values among B7+E20-95, B7+E10-98 and B7+E10-95 are well related with their differences in extra mixing time. This fact is clear focusing on B7+E10-95 results, in which unacceptable soot levels are obtained for diesel SOImain more delayed than -3 CAD ATDC and PER 49%. It is also interesting to note that B7+E20-95 provides values under EURO VI limits even using PER 54%. In addition, B7+E85 leads to improved results than the other fuel blends for the same PER (49%). Focusing on low load results, no appreciable effect of diesel SOImain on HC and CO emissions is observed. Previous studies combining computational and experimental results [34] demonstrated that unburned HC emissions from RCCI combustion at low load strongly depend on geometric parameters such as crevices and squish volumes, without a notable dependency with the engine settings. By contrast, CO emissions presented greater dependency to the engine settings because of the modification in the combustion temperature. In this case, the combustion metrics presented in Figure   12 remain almost constant as SOImain is modified, without having a relevant effect on CO oxidation. The PER modification has the same effect on HC and CO emissions. As demonstrated in previous sections, at low load, an increase in PER results in a worsened combustion process leading to higher HC and CO emissions. The effect of SOImain on HC and CO emissions at medium and high load is equal. Delayed injection timings result in a poor combustion development during the expansion stroke, and therefore higher emission levels are attained. The effect of PER on HC and CO emissions at medium load is equal to the one described at low load conditions. At high load the effect is opposite. As explained, as PER is increased, the combustion development is improved in this case.
HC and CO emissions
General discussion
A merit function [36] was used to select the proper engine settings for the different fuel blends and engine loads. The values of the self-imposed constraints used to calculate the merit function were NOx=0.4 g/kWh, soot=0.01 g/kWh and PRR=15 bar/CAD. These limitations were aimed to fulfill EURO VI limits while preserving the engine mechanical integrity. Thus, the contribution to the merit function from a given variable will be zero if only the measured value is less than or equal to the specified limit. When F is non-zero, the contribution from each constrained parameter can be examined separately to quantify the severity of its non-compliance. The merit function is defined as follows:
If various operating conditions fulfilled all the constraints (which results in a merit function value of zero) for the same fuel blend and load, the best condition was considered the one that minimized the CO and HC emission levels. Figure 26 shows the merit function results for all the tests carried out in this work. In addition, the selected engine operating conditions together with their merit function value are also marked in the figure. As seen from the figure, the selected operating conditions with the exception of E85 at high load, fulfilled all the constraints. To summarize these results, Figure 27 represents NOx, soot, maximum PRR and combustion efficiency versus the engine load for the tests previously selected. As seen from the figure, EURO VI soot levels are reached whatever the fuel blend and engine load. Moreover, B7+E20-95, B7+E10-98 and B7+E10-95 lead also to NOx emissions under EURO VI limits for all the engine loads. By contrast, B7+E85 exceeds the limitation due to lower PER required to ensure stable operation. On the other hand, the maximum PRR remains below the self-imposed restriction for B7+E20-95, B7+E10-it is interesting to remark that E10-95 improves the combustion efficiency at low and medium load, with similar values than E10-98 at high load. Figure 27 . NOx, soot, maximum PRR and combustion efficiency versus engine load for the selected engine operating conditions.
Conclusions
In the present work, the influence of the direct injection timing and blending ratio on RCCI combustion have been studied by combining theoretical and experimental tools.
Thus, an analysis of the parameters derived from the in-cylinder pressure measurement has been complemented with a detailed study of the air/fuel mixing process by means of a 1-D spray model. The major findings from the combustion development study at the different engine loads are summarized as follows:
 For all the engine loads, B7+E20-95, B7+E10-98 and B7+E10-95 exhibited similar combustion behavior when diesel SOImain was modified. Thus, a delay in diesel SOImain enhanced the premixed phase leading to a two staged heat release.
 Regarding the effect of SOImain on RoHR shape, an advanced injection timing resulted in a one stage Gaussian-shaped heat release at low load. By contrast, a delayed diesel injection timing provided a two staged heat release. The greater diesel mass injected at medium and high load enhanced the premixed phase, leading to a two staged heat release either with an advanced or delayed diesel SOI.
 The increase in the PER resulted in lower heat release peaks with larger combustion developments at low and medium load. By contrast, at high load, the combustion development was clearly improved as PER was increased.
 The improved reactivity of E10-95 led to shorter and advanced combustion development for all the engine loads. These facts combined with higher maximum RoHR peaks, promoted higher IMEP values.
 The physicochemical properties of E85 resulted in a particular combustion behavior. Thus, lower PERs were required to achieve a stable combustion at low and medium load. On the other hand, an extremely narrow operating range was found at high load. In this sense, a slight advancing in diesel SOI around the stable operating point resulted in excessive knocking level while a slight delaying provoked misfire conditions.  Finally, the required greater diesel amount with E85 led to a specific combustion development for all the engine loads. In particular, a strong rise in the first RoHR slope followed by a diesel-like tail was observed.
The notable observations comparing the performance and engine-out emissions from the different combinations of high and low reactivity fuel were as follows:
 NOx emissions are well related to the combustion temperatures. Thus, diesel SOI timings that provides combustion phasing near TDC promote an increase in NOx levels. The effect of PER is the same for all the fuel blends but depends on the engine load. At low and medium loads, the increase in PER worsens the combustion process resulting in lower NOx emissions. At high load, an opposite behavior is confirmed.
 An advanced injection strategy for the high reactivity fuel allows to inhibit soot formation at low load. At medium and high load, soot emissions are governed by formation/oxidation processes with higher values registered as PER is decreased. Moreover, unacceptable soot levels are registered for B7+E85 at low load.
 At low and medium load, an increase in PER results in a worsened combustion process leading to higher HC and CO emissions. At high load, the effect is the opposite. On the other hand, at low and medium loads the diesel SOImain has no appreciable effect on HC and CO. Only a strong rise in the emissions is appreciated for delayed injection timings (when the combustion is degraded).
In the case of high load, the single injection strategy proposed governs the combustion process, and therefore, the diesel SOI effect is more appreciable.
Finally, the results presented in this paper show that RCCI operation in a heavy-duty diesel engine with B7+E20-95, B7+E10-98 and B7+E10-95 allows fulfilling EUROVI NOx and soot emission levels with acceptable ringing intensity values at low, medium and high load. In addition, the higher reactivity of B7+E10-95 blend provides improved combustion efficiency.
